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Introduction

Abstract
In this tutorial we describe our methods for preparing
detergent-extracted cytoskeletons for observation by high
resolution scanning (SEM) and scanning transmission
(STEM) electron microscopy. We both discuss the theoretical
background and provide practical procedures for each of the
following steps: cell culture on Formvar-coated gold grids;
prefixation with aldehydes or protein crosslinking reagents
(homobifunctional N-hydroxy-succinimide esters); extraction
with Triton X-100 or Brij 58 detergent in microtubule
stabilizing buffer; postfixation in formaldehyde
and
glutaraldehyde; dehydration; critical point and freeze drying;
sputter coating with 1-2 nm of platinum or tungsten; and
examination by SEM and both normal and inverted contrast
STEM. These methods produce cytoskeletal preparations in
which filaments as fine as 7 nm are preserved and can be
observed by scanning electron microscopy.

form May 14, 1988)

In this tutorial we describe the methods that we have
developed and used to prepare the cytoskeletons of cultured
cells for high resolution scanning electron microscopy. Some
aspects of this work have been presented previously (Bell,
1981, 1984a; Bell and Stark-Vanes, 1983; Bell et al.,
1987a,b,c; Lindroth et al., 1987). Other aspects are presented
here for the first time. As an introduction we will begin by
defining what we mean by the cytoskeleton, reviewing the
methods for visualizing it, and discussing why we have found
scanning electron microscopy to be useful for studying it.
Then, in order to interpret the micrographs presented in this
tutorial, we will describe the microscopic methods that we
have used. Finally, we will discuss in sequence each step in
the procedure that we use to prepare cytoskeletons for
examination by SEM, presenting a little of the theory
involved, describing our methods, and discussing the potential
problems and artifacts that may be encountered.

Whatis theCytoskeJeton?

KEY WORDS: cytoskeleton, scanning electron microscopy,
scanning transmission electron microscopy , high resolution,
biological specimen preparation, protein crosslinkers,
detergent extraction, drying, metal coating .
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The cytoskeleton is a family of filamentous structures that
form a three-dimensional scaffolding around which cells are
constructed . The cytoskeleton is a complex and dynamic
structure that undergoes temporal changes in its molecular
composition
and organization. The filaments of the
cytoskeleton interact with each other, with the plasma
membrane and other membranous organelles, and with other
cellular structures and molecules to generate and control cell
movement, cell shape, cell adhesion, cell division, and the
movement and organization of molecules and organelles
within the cytoplasm. The cytoske leton may also play a role in
gene expressio n (Fey et al., 1986; Ben Ze'ev et al., 1981).
The cytoskeleton is constructed of three classes of protein
filaments, which are distinguished on the basis of their
diameter and molecular composition. Microfilaments are
composed of a core of the protein actin, and they have a
diameter that has been reported to range from 4 to 10 nm,
depending upon the methods used to prepare and visualize
them (Hartwig and Shelvin, 1986; Stokes and DeRosier,
1987). Microtubules are composed of alpha- and beta-tubulin
and while it is generally accepted that they have a diameter of
about 25 nm, figures of between 15 and 35 nm have been
reported (Dustin, 1978). Intermediate filaments have a
diameter of about 10 nm and they may be composed of one or
more proteins from at least five different classes of
intermediate filament proteins, depending on both the cell type
and stage of differentiation (Lazarides, 1982; Steinert et al.,
1984).
The intermediate filaments of glia cells and their
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derivatives are composed of two proteins - vimentin and glial
fibrillary acidic protein (GFAP) (Sharp et al., 1982).
In addition to the proteins that make up the core of the
filaments, there are other proteins and macromolecules that are
more or less tightly bound and more or less specifically
attached to the formed filaments. Proteins that bind both
specifically and tightly to the core of the filaments are
classified as filament associated proteins and such proteins
have been described for all three classes of cytoskeletal
filaments. Other macromolecules bind less specifically or less
tightly. These include membrane proteins, nucleic acids (Fey
et al., 1986), ribosomes (Lenk et al., 1977), and the enzymes
of glycolysis (Knull, 1985) . Cytoskeletal preparations also
usually contain a nuclear matrix. Although structurally and
molecularly distinct from the cytoskeleton, the nuclear matrix
is physically, and perhaps functionally, con nected to the
cytoskeleton (Capco et al., 1982; Fey et al., 1984, 1986). The
nuclear matrix, cytoskeleton , and cytomatrix are considered to
form a more or less continuous three-dimensional structured
phase within the cell.
Where to draw the line between the cytoskeleton and other
components is not at all clear. We will follow the general
convention to define the cytoskeieton as the three-dimensional
network of microfilaments, microtubules and intermediate
filaments consisting of their core proteins and filament-specific
associated proteins. The rest of the cytoplasmic material that is
associated more or less loosely with the cytoskeleton will be
referred to as the cytomatrix (Porter, 1984).
The most developed and best publicized interpretation of
the structure of the cytoplasm is that of Porter who has
described the existence of a microtrabecular lattice of fine
filaments that physically link the filaments of the cytoskeleton
to each other and to other organelles (Wolosewick and Porter,
1979; Porter et al., 1983; Porter, 1984). Whether the
microtrabecular lattice exists as a structure in living cells or is
an artifact of preparation has been widely debated (Heuser and
Kirshner, 1980; Ris, 1985; Borrelli et al., 1985; Pawley and
Ris, 1987), but it is becoming increasingly accepted that many
molecules and structures that were once thought to be in
solution in the cytoplasm are actually associated in some way,
albeit loosely , with the cytoskeleton (Clegg, 1982;
Negendank, 1986). This is an issue to which we will return.

who wishes to visualize the structure of the cytoskeleton: 1)
The pseudo-three dimensional image of SEM in the secondary
electron mode provides direct information about the complex
three dimensional organization of the cytoskeleton without the
need for stereo microscopy. However, real stereo imaging is
also relatively easy to accomplish, provided that the
microscope is equipped with a eucentric goniometer stage: 2)
In contrast to replica, negative staining, and sectio~mg
methods, SEM, because of its relatively large depth of field,
can image the entire thickness of a cell and show the structure
of the cytoskeleton in depth. 3) Although exposure of the
sample to the electron beam in the SEM may cause some
damage to the specimen (se~ Fig. 15), SEM caus~s far less
damage than is common with TEM, w~ere meltmg of _the
delicate cytoskeletal structures due to heatmg by the beam 1s a
common problem. 4) SEM offers the possibility of visualizing
a sample with a variety of different imaging ~odes, inclu_ding
secondary electron imaging (SEI), scanmng tra~smit~ed
electron imaging (STEI), back-scattered electron 1magmg
(BEI), and X-ray microanalysis. This flexibility permits the
investigator to take advantage of the unique properties of the
various imaging modes to extract more info~ation '.1"om~he
sample. 5) Finally, SEM's are more widely available tnan h~gh
voltage TEM's and the equipment and methods for prepanng
cells for SEM are more widely available than those needed for
preparing low angle rotary shadowed replicas of frozen
samples. It should be added that, although we have found
SEM to be a valuable method for studying the cytoskeleton,
we believe that the results obtained from SEM are most useful
when correlated with findings from other approaches,
including biochemical, immunocytochemical, as well as other
morphological methods.
.
. .
The major limitation of SEM as a method for v1suallzmg
the cytoskeleton has been the relatively low resolution of the
method compared to TEM. The limited resolution of SEM has
two sources - the instrument itself and specimen preparation .
When the limit of resolution of the SEM was only 20 nm or
worse, it was not very useful for visualizing 4 nm
microfilaments. Improvements in instrumentation have greatly
improved this situation and instruments with resolution limits
of 3 nm or less are now becoming widely available . With
such instruments , artifacts of specimen preparation become the
major limits to resolution. However, substantial progr~ss
has also been made in improving the methods for prepanng
samples for high resolution
SEM . T~ese in~lude
improvements in drying methods to reduce shnnkage artifa~ts
and improvements in methodologies for coating samples with
metals to provide thinner and more continuous metal films.
Thus ,it is now becoming possible to take advantage of the
substantial advantages offered by SEM for visualizing the
cytoskeleton.

Methods
of Visualization
Many methods have been used to visualize the
cytoskeleton and its associated cytomatrix by electron
microscopy. For reviews and additional references see Bell
(1981,1984a,b) . In addition to conventional transmission
electron microscopy (TEM) of ultrathin sections, these
methods include high voltage TEM of thick plastic sections
(Wolosewick and Porter , 1979; Ris, 1985), high voltage and
intermediate voltage TEM of whole moun'ts of either intact
cells or detergent extracted cytoskeletons (Webster et al.,
1978; Henderson and Weber, 1979; Wolosewick and Porter,
1979; Heuser and Kirshner, 1980; Schliwa et al., 1981; Bell,
1984a; Fey et al., 1984, 1986 ; Ris, 1985 ), TEM of
platinum-carbon replicas of frozen and fractured cells and
detergent-extracted cells (Heuser and Kirshner, 1980; Isobe
and Shimada, 1986), TEM of negatively
stained
detergent-extracted cells (Brown et al., 1976; Small et al.,
1981; Hoglund et al., 1980; Mellstrom et al., 1983), and
scanning electron microscopy (SEM) of detergent-extracted
cells (Bell et al., 1978; Trotter et al., 1978; Ip and Fischman,
1979; Bell and Stark-Vanes, 1983; Bell et al., 1987c).

ElectronMicroscopy:
SEM,STEM,andInverted
Contrast
STEM
Most of the work presented in this paper was done using a
JEOL 2000-EX combination transmission-scanning electron
microscope with a maximun accelerating voltage of 200 kV
and equipped with a La86 filament, a liquid nitrogen cold
trap, a eucentric goniometer specimen holder, and detectors
for secondary and transmitted electrons. The microscope was
used routinely at 160 kV and the secondary electron image
(SEI) and scanning transmitted electron image (STEI) were
displayed simultaneously on two separate screens. For
consistency in this paper, we will use SEM to refer to the SEI
and STEM to refer to the STEI.
Figures 1 and 2 show the same sample visualized by SEM
and STEM, respectively . SEM gives a more dramatic view of

WhyScanning
Electron
Microscopy?
SEM offers a number of advantages to the investigator
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Figures 1 and 2. SEM (Fig. 1) and STEM (Fig. 2) stereo micrographs of a cytoskeleton, prepared
as follows (see Bell et al., 1987a,c): extracted in 0 .5% Triton X-100 in MTSB, extracted again in 250
mM (NH4)2SO4 in the same solution, digested in DNase and RNase , labelled with a monoclon al
antibody to the intermediate filament protein, glial fibrillary acidic protein (GFAP), followed by
biotinylated goat anti-mouse serum and avidin-lOnm colloidal gold, and coated with tungsten . The gold
particles appear as bright dots in SEM (arrows) and somewhat smaller black dots in STEM (arrows).
Bar= 100 nm.

Figures 3 and 4. SEM (Fig . 3) and inverted contrast STEM (Fig. 4) stereo micrographs of a
cytoskeleton, prefixed in 1 mM DTSSP, extracted in 0.5% Triton X-100 in MTSB, critical point dried,
and coated with 1.5 nm platinum . Note that all structures appear smaller in STEM. For example the
smallest filaments (arrows), presumably actin microfilaments, measure 7 nm in diameter in STEM and
9 nm in diameter in SEM . Original screen magnification= 80,000 x. Bar= 100 nm.
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Table 1

the structures at the surface of the sample and a stronger
pseudo-three dimensional effect. STEM provides slightly
better resolution and the same structures always appear smaller
in STEM in comparison to SEM. STEM also reveals
structures that lie beneath the surface, such as the nuclear
matrix, chromosomes, and cytoplasmic structures and STEM
is better for visualizing colloidal gold particles used as
immunolabels (Bell et al., 1987c).
In addition to conventional STEM we found it to be very
useful to reverse the contrast of the STE! electronically and to
display the STE! in inverted contrast (Lindroth et al., 1987;
Bell et al., 1987c). This is done by throwing a toggle switch
on the scanning unit and adjusting the contrast and brightness
to appropriate levels. As shown in figures 3 and 4, SEM and
inverted contrast STEM provide similar but usefully different
images of the cytoskeleton . The inverted contrast STE! is
identical to the normal STE! except that the structures appear
bright against a dark background, similar to the SEI. This
makes it easier for the human eye to interpret the three
dimensional relationships between the structures and creates a
stronger pseudo-three dimensional effect than ordinary STEM.
Otherwise, inverted contrast STEM provides the same ability
to visualize structures beneath the surface of the sample as
well as electron dense markers such as colloidal gold We now
use inverted contrast STEM almost routinely to complement
the information that we obtain from SEM. It is of particular
importance to compare measurements of the sizes of structures
obtained with the two imaging modes, as the same structures
always appear smaller in inverted contrast STEM compared
with SEM (see figures 3 and 4, and fig. 9). We believe that
measurements made in STEM or inverted contrast STEM are a
more accurate indicator of the true sizes of the structures .

Steps in the Preparation of Cytoskeletons
(optional steps in italics)
1. Prefixation
a. Aldehydes
b. Bifunctional protein crosslinking reagents
2. Detergent Extraction
a. Choice of detergent
1) Triton X-100
2) Brij 58
b. Extraction vehicle
3. Postfixation
a. Paraformaldeyde
b. Glutaraldehyde
4. Dehydration
a. Ethanol
b. Acetone
5. Drying
a. Critical point drying
b. Freeze drying
6. Metal Coating
a. Platinum
b. Tungsten

CellCultureon Formvar-coatedGoldGrids
cytoskeletal preparations are highly dependent on the methods
used to prepare them (Bell 1981, 1984a; Bell and
Stark-Vanes, 1983; Bell et al. 1987a,b,c; Schliwa et al., 1981;
Fey et al. , 1984). Our goal has been to seek to understand the
effects of various preparative procedures on the cytoskeleton
and, on the basis of this understanding, to develop rational
methods for preparing samples for experimental analysis . The
ultimate goal is two-fold: to prepare samples for electron
microscopy whose structure corresponds as closely as
possible to that of the cytoskeleton as it existed in the living
cell and to be able to dissect the cytoskeleton by differential
extraction of its constituents in order to gain a better
understanding of how it is organized in cells.
Preparation of cytoskeletons involves several sequential
steps, which are listed in Table 1 along with some of the
variables to be considered for each step. Optional steps are
shown in italics. One practical precaution applies to all of the
steps. Once the procedure is begun , samples should never
be exposed to an air-liquid interface. This will cause
the delicate cytoskeletal structures to become flattened and
may distort the entire sample. Therefore, we exchange
solutions by aspiration but are always careful to leave a layer
of solution over the sample and to pipet in new solutions
gently to minimize turbulence . We shall now discuss each step
in the order that it appears in Table 1.

The cells used in the work described herein were human
malignant glioma cells of the line U-251 MG. The origin and
maintenance of these cells has been described elsewhere
(Ponten and Maci11tyre, 1968; Ponten, 1975; Collins, 1983).
However, the methods described should be applicable to all
cells that can be either grown on or attached to a substratum .
Cells are grown on carbon-stabilized Formvar-coated gold
electron microscope grids. We prefer 200 mesh hexagonal
grids because they provide more space free of grid bars while
still providing adequate support for the Formvar film. The
method for preparing the grids is described in more detail
elsewhere (Bell et al., 1987c) . In brief, Formvar films are
initially formed on glass microscope slides by dipping them
into a solution of 0.3% Formvar in ethylene dichloride . After
drying, the film is scored into 1 cm squares with a scalpel and
floated onto the surface of a dish of distilled water. Two
acid-cleaned gold grids are placed onto each square and the
squares are picked up onto 16mm round coverglasses so that
the grids are sandwiched between the glass and the Formvar
film . After drying, the Formvar film is coated with a layer of
carbon in a vacuum evaporator and the coverglasses are then
sterilized on both sides by UV irradiation. Finally, the sterile
coverglasses are transferred into a 35 mm tissue culture dish to
which cells suspended in medium are added and allowed to
settle by gravity and attach to the Formvar film. For routine
work, cells are allowed to spread for 24 h before use.

Prefixatjon

Steps io the Preparationof CytoskeJetons

The purpose of prefixation is to crosslink the molecular
constituents of the cytoskeleton to stabilize them against
extraction. This is necessary because the components of the
cytoskeleton vary greatly in their solubility (Fey et al., 1984;
Bell et al., 1987a,b) . Microtubules are very unstable and are
readily solubilized unless precautions are taken to stabilize
them. Actin microfilaments are more stable, but many of these

The basic method we use to prepare cytoskeletons for
SEM is to extract cells with a non-ionic detergent to solubilize
the membranes and to reveal the cytoskeleton. However, there
are many factors that will affect the final result. In general, the
molecular composition and structural organization of

1650

Preparation of Cytoskeletons

Homobifunctional N-hydroxy-succinimide Esters
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Figure 5. Bifunctional protein crosslinking reagents. Used by permission of Pierce Chemical
Company, Rockford , IL.
may also be lost during detergent extraction. Cortical
microfilaments are readily lost and loosely organized
microfilaments appear to be less stable than those in bundles .
Only the intermediate filaments and nuclear matrix appear to be
relatively insoluble in nonionic detergents. Prefixation helps to
stabilize molecules and structures that would otherwise be lost
from the cytoskeleton . On the other hand, there is also the
possibility that prefixing will crosslink molecules to the
cytoskeleton that are not normally part of it. The probability of

crosslinking two molecules increases with their proximity and
with the length of the crosslinker. Glutaraldehyde is a good
fixative because it can form polymers with itself to generate
large multivalent molecules that can form intermolecular
crosslinks over long distances (Johnson, 1986). The
microtrabecular lattice is a case in point . The lattice is present
in cells fixed with glutaraldehyde but absent after extraction
with Triton X-J.00 detergent. One explanation for this is that
the components of the lattice are soluble in detergent (Schliwa
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the sample. Most importantly, cytoskeletons prefixed with
sulfo-EGS (figs . 8 and 9), the longest crosslinker tested,
contain structures that are similar in appearance to the
microtrabecular lattice (fig. 9). We believe that this approach
offers the possibility of crosslinking and preserving at least
some of the components of the cytomatrix under conditions
that will permit correlative morphological and biochemical
studies of the relationships between the cytoskeleton and the
cytomatrix .

et al., 1981 ), but an alternative explanation is that the lattice is
generated by the crosslinking of cytomatrix proteins and/or
soluble cytoplasmic
proteins to the cytoskeleton
by
glutaraldehyde .

Aldehydes
Glutaraldehyde or formaldehyde (preferably made fresh
from paraformaldehyde powder) may be used as prefixatives
prior to extracting cells with detergent, but they must be used
at low concentrations and for short periods of time because, in
general, they fix too well and make it difficult to extract the
cells with detergent. Our experience is that these fixatives give
variable and unpredictable results, although some workers
have achieved good results by adding the fixatives to the
detergent
solution,
thereby
fixing
and extracting
simultaneously (Heuser and Kirshner, 1980; Celis et al.,
1978). An unavoidable disadvantage of both of these
aldehydes is that they are irreversible crosslinkers and their
use precludes subsequent biochemical analysis.

DetergentExtraction
At least two variables must be taken into account when
discussing detergent extraction. These are the selection of the
detergent and the composition of the extraction vehicle.

Selectionof the Detergent

The most widely used detergent for extracting cells is
Triton X-100, which is essentially identical with Nonidet
P-40. Used at concentrations of typically 0.1- 1.0%, this
detergent solubilizes lipid bilayers and efficiently removes
most of the cytomatrix . As mentioned above, extraction with
Triton X-100 has been biamed for the loss of the
microtrabecular lattice (Schliwa et al., 1981) and it also
solubilizes between 60-85% of the glycolytic enzymes from
cells (Knull, 1985) . The amount of material extracted is both
time and concentration dependent, but dependence on time to
control extraction experimentally
gives variable and
unpredictable results . Therefore, we have opted to control
extraction in other ways and routinely extract in 0.5% Triton
X-100 at 37° C for 10 minutes and rinse twice for five
minutes each in the sa.'lle solution.
An alternative to Triton X-100 that we have tested is the
detergent Brij-58, which is reported to extract the cytomatrix
less rapidly than Triton X-100 . Following extraction in
Brij-58, the microtrabecular lattice is at least partly preserved
(Schliwa et al., 1981 ) and 62-85% of the glycolytic enzyme
activity remains with the cytoskeleton (Knull, 1985) . Figures
10 and 11 show cytoskeletons extracted respectively with
Triton X-100 and Brij-58 , under otherwise identical
conditions. In this example the Brij -extracted cytoskeleton
contai ns more material, but we have found the results to be
varia ble , which may be related to the time dependency of both
detergents . Further studies with Brij-58 may help us to
understand better the contribution of cytomatrix components to
the structures seen in the cytoskeleton by electron microscopy .

BjfunctionalProteinCrosslinkjngReagents
As an alternative to aldehydes we have used cleavable
bifunctional protein crosslinking reagents as prefixatives prior
to detergent extraction (Bell et al., 1978; Bell, 1981, 1984a).
Of the reagents commercially available (Pierce Chemical
Company) we have focused on the homobifunctional
N-hydroxy succimide esters (Figure 5)(Bragg and Hou, 1975;
Lomant and Fairbanks, 1976). These reagents have many
properties that make them suitable as prefixing reagents: I) As
shown in figure 5, they react with primary amines, as do the
aldehydes,
and therefore can form both intra- and
intermolecular crosslinks between the proteins that make up
the cytoskeleton. 2) They are reactive at physiological pH . 3)
They have a long half-life in aqueous solution. 4) They are
relatively poor fixatives and do not prevent subsequent
extraction by detergent . 5) They are available in different
lengths enabling one potentially to control the amount of
intermolecular crosslinking . 6) Many are cleavable , enabling
the crosslinking to be effective ly reversed and the samples to
be studied by gel electrophoresis an d other biochemical
methods .
Initially, only water-insoluble crosslinkers were available
commercially , but they can be dissolved first in DMSO and
then dispersed into aqueous solution. Such crosslinkers have
the advantage of being soluble in lipid bilayers and thus
presumably ab le to penetrate cells directly through the
membrane. New sulfonated crosslinkers are now available that
are water-soluble and probably better able to crosslink
cytoplasmic proteins, but these are unable to penetrate cells
across the plasma membrane (Staros, 1982; Giedroc et al.,
1983). Therefore , we use a two-step procedure for the
sulfo nated crosslinkers in which we first incubate cells for IO
minutes in crosslinker in saline (either PBS or HBSS) and
then extract with detergent solution containing the same
crosslinker. In this way we first stabilize the adhesions
between the cells and the substratum and then crosslink the
cytoplasmic proteins simultaneously with extraction . Other
strategies are possible but we have not yet tested them.
The four crosslinkers that we have used are shown in
Figure 5. We have previously shown that prefixation with
DSP (also called DTSP) prior to extracting with Triton X-100
gives excellent preservation of cytoskeletal structures and
increases the amounts of tubulin and actin retained in the
cytoskeleton (Bell, 1981, 1984a; Bell et al., 1987a) . We have
recently begun to test the hypothesis that preservation of
cytoplasmic material will be correlated with the length of the
crosslinker. As shown in figures 6-9 the results of preliminary
experiments are consistent with this hypothesis. The longer
the crosslinker, the better the morphological preservation of

Composition
of the ExtractionVehjcJe

Prob ably the single most important variable in determining
the outcome of detergent extraction is the composition of the
medium in which the extraction is carried out. We and others
have shown that the quantity , molecular complexity, and
struc tural organization of the detergent -extracted cytoskeleton
are highly dependent on the composition of the vehicle in
which detergent extraction
is carried out (Bell and
Stark-Vanes, 1983; Fey et al., 1984; Bell et al., 1987a ,b). On
the basis of both morphological,
biochemical , and
immunochemical criteria, we concluded that the microtubule
stabilizing buffer (MTSB) shown in Table 2 gives the best
preservation of the cytoskeleton in cultured cells (Bell and
Stark-Vanes, 1983) . This vehicle is identical to the MTSB of
Henderson and Weber (1979) except that it lacks GTP ,
because we found that GTP was not necessary to preserve
microtubules during detergent extraction of the cells we were
using (Bell et al., 1987a). Although MTSB was formulated to
preserve microtubules, it also increases the amount of actin
retained in the cytoskeleton (Bell and Stark-Vanes, 1983; Bell
et al. 1987a) and generally improves the preservation of
delicate cell surface structures such as ruffles and microvilli
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Figure 6. Stereo SEM of a cytoskeleton prefixed with lmM sulfo-DST, extracted in 0 .5% Triton
X-100 in MTSB, critical point dried, and coated with 1.5 nm platinum. Bar= 5 µm.

Figure 7. Stereo SEM of a cytoskeleton prefixed with lmM DTSSP , extracted in 0.5 % Triton X-100
in MTSB, critical point dried, and coated with 1.5 nm tungsten . Bar= 10 µm.

Figure 8. Stereo SEM of a cytoskeleton prefixed with lmM sulfo-EGS, extrac ted in 0.5 % Triton
X-100 in MTSB, critical point dried, and coated with 1.5 nm platinum . Bar= 5 µm .

~

,i

Figure 9. Stereo SEM of a cytoskeleton prefixed with lmM sulfo-EGS, extracted in 0 .5% Triton
X-100 in MTSB, freeze dried, and coated with 1.5 nm platinum . The smallest filaments (arrows )
measure 10 nm in diameter. The same filaments measured 7 nm in diameter in inverted contr ast STEM
(arrows). The material that appears to coat the cytoskeletal filaments (arrowheads) is similar in
appearance to the microtrabecular lattice. This material is presumably derived from the cytomatrix and
survives Triton-extraction because it is crosslinked to the cytoskeleton by sulfo-EGS. Bar= 100 nm .
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(Bell and Stark-Vanes, 1983).
In terms of procedures, we routinely extract for IO
minutes in detergent in MTSB, prewarmed to 37° C, and
rinse twice afterwards for 5 minutes each with the same
detergent solution. Subsequent extractions may be carried out,
for example with high salt or enzymes (Bell et al, 1987a,b) or
the samples may be processed for immunocytochemical (Bell
et al., 1987a ,b) or biochemical procedures (Bell, 1981,
1984a; Bell and Stark-Vanes, 1983).

Table 2
Microtubule Stabilizing Buffer

1 mM EGTA 1
4 % Polyethylene Glycol 6000
JOOmM PIPES 2
0.0015% Phenol Red
pH6 .9

Postfixatjon
Prior to preparing samples for EM it is necessary to
stabilize them against the rigors of subsequent processing.
Even crosslinked samples should be fixed because the
bifunctional crosslinkers are poor morphological fixatives.
We routinely fix cytoskeletons in glutaraldehyde, usually by
adding 25% glutaraldehyde to the final detergent wash
solution to give a final concentration of 2-2.5% . After 15-30
minutes at room temperature we change to 2.5%
glutaraldehyde in 0.1 M sucrose and 0. 1 M cacodylate, pH
7 .2, and fix usually overnight at 4° C. As a rule we do not
postfix with osmium tetroxide because of its reported
destructive effects on actin filaments (Maupin-Szamier and
Pollard, 1978) . However, when we have used osmium we
have seen no evidence of destructive effects. The principal
difference in osmium-fixed samples is that they retain
detergent-insoluble lipid droplets (Bell, 1981, 1984a). After
fixing, the samples are rinsed three times with buffer, five
minutes each, and then with distilled water . At this point the
grids are still attached to the coverglasses .

1 ethylene glycol bis(2-aminoethylether)-N,N ,N'N'-tetraacetic
acid
2 piperazine-N,N'-bis(2-ethanesulfonic acid)
carried out by pipetting several volumes of 100% acetone into
the boat, letting the excess run out over the sides. If one is
using a top loading critical point bomb, provisions must be
made to transfer the grids into the bomb in such a way that
they are not exposed to air.

CriticalPoint Drying
The procedures, advantages, and disadvantages of critical
point drying (CPD) as a method for drying cultured cells have
been extensively reviewed (Boyde, 1978; Cohen, 1979 ;
Brunk et al., 1981 ; Bell and Revel, 1980 ; Boyde and
Maconnachie, 1984; Nordestgaard and Rostgaard, 1985; also
see Bell, 1984b for a more complete bibliography) . As a
method for drying cytoskeletal preparations the principal
things to consider about CPD are the need to treat the delicate
samples as gently as possible and the creation of artifacts . By
delicate treatment we mean gentle pipetting of liquids prior to
drying and gradual changes of pressure and temperature
during the critical point drying run. We also routinely follow
the procedure of "going around the critical point" (Cohen ,
1979) in which the drying apparatus is filled only about three
quarters full with liquid CO2 prior to warming it up. In this
way the pressure never exceeds 1400 psi (11 MPa) in the
Polaron E3000 bomb. We also vent the bomb very slowly and
never allow the temperature within the bomb to exceed 40°C .
In cytoskeletons that have been properly dried by the
critical point method, overall cell morphology as well as
ruffles, microvilli, and other surface structures should look
similar to those of intact cells . Improper handling of
specimens during drying will lead to the general collapse and
flattening of the cytoskeleton onto the Formvar film. Less
severe but equally unacceptable damage is sometimes seen
(Fig. 12). We now ascribe this to water contamination in the
CO 2 (Ris, 1985), because once we began to dry the CO2 by
passing it through a molecular sieve (Tousimis) the problem
essentially disappeared .
Artifacts due to shrinkage, however , are an unavoidable
consequence of CPD (Boyde and Boyde, 1980; Nordestgaard
and Rostgaard , 1985) . As shown in figures 13 and 14
shrinkage artifacts seen in critical point dried cytoskeletons
typically include broken filaments, a large open space around
the cell nucleus , and obvious cracks, usually near the
periphery . Cytoskeletons that are attached to Formvar films
appear to suffer less damage by shrinkage than those attached
to glass . This may be because the Formvar film shrinks along
with the cytoskeletons, thereby reducing the stress on the
cytoskeleton itself.

Dehydration
andPcviog
Samples must next be dried in order to be able to place
them int0 the vacuum of both a vacuum evaporator and the
microscope . We have compared two methods of drying
cytoskeletons for SEM: critical point drying from liquid CO2
and freeze drying . The former requires that the samples be
dehydrated first.

Dehydration

We have used both ethanol and acetone for dehydration,
but we now use acetone routinely because of evidence that
ethanol causes greater shrinkage (Boyde and Maconnachie,
1984). To avoid accidental drying of the samples in air, it is
critical that during dehydration the samples never be passed
through or allowed to come into contact with the acetone-air
interface. We first transfer the coverglasses with grids
attached from the plastic culture dishes into small glass dishes
filled with distilled water. The grids are then removed from
the coverglasses with watchmaker's forceps under the surface
of the water. It appears to be important to do this in water
rather that during dehydration so that material trapped between
the grid and the coverglass can be rinsed out. Otherwise an
insoluble precipitate may form on the back side of the Formvar
film which will obscure structures in STEM. We exchange
acetone solutions by aspirating off half of the old solution and
adding new in the following sequence: 30%, 30%, 50%,
50%, 70%, 70%, 90% , 90%, 95%, 95% . Starting at
concentrations greater than 30% can cause violent currents in
the water that may damage the samples. The small glass dishes
are then transferred into a large staining dish containing 100%
acetone which also contains the horizontal specimen boat of
the Polaron E3000 critical point drying apparatus. The grids
are then transferred into a grid holder and the grid holder is
subsequently transferred into the boat, all transfers being
made under the surface of the acetone. Final dehydration is

FreezeDrying
Freeze drying offers the potential for drying cytoskeletons
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Figure 10. Corresponding SEM (A) and inverted contrast STEM (B) images of a cytoskeleton
extracted in 0.5% Triton X-100 in MTSB, freeze dried, and coated with 1.5 nm tungsten. The nuclear
matrix is in the upper left hand comer. The relatively clean filaments of uniform diameter are
characteristic of cytoskeletons extracted in Triton X-100 without prefixation with crosslinking
reagents. Bar= lµm.

Figure 11. Corresponding SEM (A) and inverted contrast STEM (B) images of a cytoskeleton
extracted in 0.2 % Brij-58 in MTSB, critical point dried, and coated with 1.5 nm tungsten. The nuclear
matrix is in the upper left hand comer. This sample has more material coating the cytoskeletal filaments
than is usually seen in Triton -extracted cells and STEM reveals a larger amount of electron dense
material, which appears white because of the inversion of contrast, associated with the cytoskeleton.
This extra material was presumably derived from the cytomatrix, which is less soluble in Brij-58 than
in Triton . Bar= lµm.
with less shrinkage than CPD (Boyde, 1978; Boyde and
Franc, 1981). Our procedure is to pick up the grids from
water with watch makers forceps and quickly plunge them into
liquid propane, cooled to liquid nitrogen temperature. The
frozen grids are then quickly laid on the specimen table of the
freeze drying apparatus (Tis-U-Dry Histological Freeze Dryer,
model TFD 130, FTS Systems Inc., Stone Ridge, NJ) which
has been cooled to -100° C. The chamber is then evacuated,
the specimen table is warmed to -70° C while the chamber
walls are kept at -120° C, and the grids are dried overnight
under continuous pumping. The next day the specimen
chamber is gradually warmed to 30° C under vacuum and the
grids removed to a desiccator.
As shown in figure 16 freeze dried cytoskeletons
generally show less shrinkage and breakage than those dried
by CPD. The circumnuclear space is still present but it is
usually completely covered by an intact cortical filament
meshwork . Cracks and broken filaments are rarely seen.
Freeze drying has its own artifacts, such as ice crystal
damage, but this seems not to be a problem with cytoskeletons
if the procedures are done carefully . Mistakes during the
freezing or drying processes usually cause gross and obvious
damage to the specimen (Figure 17).

Figure 12. SEM of a poorly dried cytoskeleton prefixed
with DTSSP, extracted with 0.2% Brij-58 in MTSB, critical
point dried, and coated with 1.5 nm tungsten. Bar = 100 nm.
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Figure 13. Stereo SEM of a cytoskeleton extracted in 0 .5% Triton X-100 in MTSB, critical point
dried, and coated with 1.5 nm platinum . The large perinuclear open space and the flattened, concave
nuclear matrix are common artifacts of CPD. Bar= 5 µm.

Figure 14. Stereo SEM of a cytoskeleton extracted in 0 .5% Triton X-100 in MTSB, critical point
dried, and coated with 1.5 nm platinum . The large cracks (arrows) at the edge of the cell are artifact s of
CPD . Bar= 1 µm .

Figure 15. Stereo SEM of a cytoskeleton extracted in 0.2% Brij-58 in MTSB , critical point dried ,
and coated with 1.5 nm platinum . Comparison of the two halv es of thi s stere o pair reveals breaks in
some of the fine filaments (arrows) that occurred between the two exposures and which were
presumably caused by exposure of the sample to the electron beam. Bar= 200 nm.
is an inherent property of the metal itself (Echlin, 1978; Echlin
and Kaye, 1979; Ech lin, 1981; Kemmenoe and Bullock,
1983 ; Peters , 1987) . Sputter-coated films of gold and
gold-palladium, often used for SEM have a coarse granular
str ucture that can be resolved by high resolution SEM's.
(Brunk et al., 1981; Arro et al., 1981 ). To be sui table for high
resolution work, metal films must be reduced in thickness to
1-2 nm or less and show little or no granularity (Peters 1985 ,
1986, 1987; Lindroth et al., 1987).
For high resolution SEM of cytoskeletons we have
achieved good results with 1.5 nm films of platinum and
tungsten (Lindroth et al., 1987), which we apply with a
magnetron sputter coater (described by Nockolds et al., 1982 ,

MetalCoatim:
A major limit to the resolution of SEM arises from the
need to coat samples with metal in order to produce an
adequate number of secondary electrons. With the resolving
power of microscopes approaching 2-3 nm or better it makes
little sense to bury the fine structural details in 10-20 nm-thick
coats of metal, but thickness is only one aspect of the
problem. The second is the grain structure of the deposited
metal film which results in so-called "decoration artifacts " on
the surface of the samp le. Decoration artifacts result from the
secondary movement of metal atoms after they have been
depo sited on a surface and the coarseness of the grain pattern
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Figure 16. Stereo SEM of a cytoskeleton prefixed with lmM DTSSP, extracted in 0.5% Trit on
X-100 in MTSB, freeze dried, and coated with 1.5 nm platinum . In this and other freeze dried
cytoskeletons the nuclear matrix has a convex shape and the perinuclear space is covered by intact
filaments. Bar== 2 µm .

Figure 17. SEM (A) and inverted contrast STEM (B) showing gross drying artifacts in a
cy toskeleton extracted in 0 .5% Triton X-100 in MTSB, freeze dried , and coated with 1.5 nm
platinum. Bar ==1 µm .
the grids are transferred to a grid box and stored in a glass
desiccator to keep them dry .

and available commercially from Microvac, Pty, Australia) that
is housed in a vacuum evaporator (Edwards, model E12E)
eq uipped with a quartz crystal thickness
monitor
(lnte llemetrics, Glasgow, model IL-001) . The metal target is
attached to the magnetron sputtering head by a simple
arrangement of an aluminum ring and metal clips so that it can
be used with any metal or alloy that can be obtained as a thin
plate at least 75 mm in diameter .

ResultsWith DifferentCoatingProcedures

Transmission electron micrographs (Lindroth et al., 1987)
of 1.5 nm thick films of platinum and tungsten, sputter coated
as described above, show that platinum films are obviously
more grainy and platinum decoration artifacts can be seen both
on the Formvar film and on the cytoskeleton . Tungsten films
are almost free of grain and form a very uniform coat.
Various figures in this paper demonstrate the appearance
of cytoskeletons coated with 1.5 nm of platinum (figs. 3,4, 6,
8,13,14,15,16) or tungsten (figs. 1, 2, 7, 9 , 10, 11, 12) .
Thin coats of eit her platinum or tungsten provide a very good
secondary electron signal, good signal to noise ratio in SEM,
and good contrast in STEM . The grain structure of the
platinum film is resolved only at magnifications greater than
100,000 x, whereas tungsten films show no grain structure at
all. Therefore, both metals are suitable for high resolution
SEM, although tungsten, because of its more even and
grain-free coating might be preferred for very high
magnification .

CoatingProcedure

For coating, grids are placed into a grid holder and
positioned in the vacuum evaporator 7- 12 cm away from the
target. The quanz crystal is positioned adjacent to the grid
holder. The chamber is then pumped down as low as possible
with the mechanical pump and flushed at least twice with pure
argo n gas. The high vacuum valve is then opened and the
cham ber is pumped down to 10-5 Torr or better with the oil
diffusion pump. Again we flush at least twice with argo n to
obtain as clean a vacuum as possible . Then the high vacuum
va lve is closed about three-quarter s of the way and argon
leaked in until a vacuum of 2-3 x 10-5 Torr is achieved. Next,
the thickness monitor is turned on and sputtering is begun by
turning up the current of the coater to about 20 mA and it is
continued until the desired thickness is reached. After coating,
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Figure 18
Outline of Procedures for Preparing Cytoskeletons for SEM

Cells on Formvar-coated grids

♦
Protein cross/inker in HBSS, 37° C, 15 min.

+

0.5% TX- 100 or 0.2% Brij-58 in MTSB + cross/inker, 37° C, 10 min.

♦
0.5% TX-100 or 0.2% Brij-58 in MTSB , 2 x 5 min.

♦
Add GA to final rinse to 2.5% final cone. , 15 min.

+

2.5% GA in 0.1 M sucrose, 0.1 M cacody late, pH 7.2, 4° C, overnight

♦
0.1 M sucrose, 0.1 M cacodylate, 3 x 5 min .

t

•

Freeze in liquid propane

Dehydrate in acetone

t

+

Freeze dry

Critical point dry

Sputter coat with 1.5 nm Pt or W

+

SEM, STEM, inverted contrast STEM, TEM

All steps at room temperature unless otherwise indicated.
Optional steps in italics.
Abbreviations :
MTSB - microtubule stabilizing buffer
TX-100 -Triton X-100
GA - glutaraldehyde

Acknowtedi:ements

Summary

The work described in this paper was supported by the
following grants: Swedish Medical Research Foundation
(#04481) to Ulf Brunk;
Swedish Medical Research
Foundation (#7313) to Margaretha Lindroth; and National
Cancer Institute , U.S.P.H.S. (5RO1-CA36547) to Paul Bell.
Special thanks are due to Professor Ulf Brunk, Department of
Pathology II, Linkoping University, for his support and
encouragement during the course of this work. We also wish
to thank Karen Roberg for technical assistance.

Figure 18 is a summary of the procedures described
above. We have used them with several types of cultured cells
and have found them to be generally applicable . By no means,
however, do we consider this to be the final word as we are
constantly learning more about how various variables affect
the appearance of cytoskeletons in electron microscopy.
Rather, this represents the current state of the art as we
practice it. We can only recommend that you try it on your
own cells, being prepared to modify the procedures where
necessary while keeping in mind the underlying principles that
we have tried to discuss.
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Discussion
withReviewers
Y.S. Shimada: Why are you using 160 kV with the JEOL
2000-EX tran smiss ion elec tron microscope to observe
sampl es in SEI and STEI? In the case of a 100 kV
transmission electron micro scope or a 30-40 kV sca nning
electron microscope (with field emission, LaB6, or tungsten),
what voltage do you recommend to use?
Authors: We use 160 kV, and even 200 kV when necessary ,
for STEI to give us better penetration of the sample by the
electron beam , so we use 160 kV when we want to observe
samples simultaneously with SEI and STEI. JEOL also
recommends the higher accelerating voltages to obtain the
smallest and brightest spot size and hence achieve maximum
resolution in SEI, but we have not systematically tested this
recommendation . We recommend that others use tho se
operating parameters that are optimal for their own instrument ,
and although we have no experience with low voltage SEM ,
we hope that others will try that approach for improving
resolution through reducing noise .
R.M, Albrecht : You do not exceed 40° C when critical
point drying . Has thi s been selected empirically as a safe
operating temperature or are changes in the cytoskeleton seen
above40° C?
Authors : We know that cytoskeletal preparations are very
sensitive to damage by heat , as seen by the breakage and
melting of cytoskeletal filaments caused by coating with metal
in diode sputter coaters (Bell, 1981) and by the electron beam
in both SEM (Bell, 1981 and Fig. 15, this paper) and TEM .
Therefore, we selected 40° C empirically in order to keep the
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temperature of the sample as low as pos sible during critical
point drying while keeping the temperature enough above the
critical temperature of CO 2 (31.3° C) to prevent accide ntal
recondensation of the CO2 vapor while bleeding off the CO2
gas to return to atmospheric pressure .

R.M.Albrecht
: How warm does the sample get when being
coated by the magnetron sputter coating device? Would an ion
sputteri ng device be of any advantage for the tungsten or
platinum coating?
Authors:The thermocouple that is mounted in the coating
chamber next to the specimen holder shows a temperature rise
of only a few degrees during coating, and because the
temperature in the high vacuum at the beginning of coating is
lower than room temperature, the temperature of the
thermocoup le during coating usually does not go as high as
room temperature. However, we do not know how accurately
the temperature of the thermocouple reflects the temperature at
the surface of the sample, and we believe that heating damage
can occur if the specimen holder is so close to the sputtering
head that the specimen is located within the plasma. We are
currently doing experime nts to examine the effects of varying
the distance between the sample and the sputtering head, and
we are also doing experiments to compare metal coats
produced by an ion beam sputter coater with those obtained
with our magnetron device . While these studies are still too
preliminary to draw definite conclusions, we are not
convinced that ion beam sputtering is necessarily better than
magnetron sputtering .

directly address the question of whether cytoskeletalassociated material (cytomatrix material) is deposited onto the
cytoskeleton during drying. We think that this is certainly the
case and that the uneven, curvilinear appearance of the
cytoske letal filaments in dried , intact cells, or in cytoskeletons
extracted so as to preserve the cytoplasmic ground substance,
is due to the deposition of cytoplasmic protein s onto the
cytoskeleton. However, we believe that we can visualize these
deposited proteins in our metal coated samples. We can also
see deposited material in the TEM images of samples that are
coated only with carbon, but we are only working at 120 to
200 kV, which gives us not only good penetration of the
electron beam but excellent contrast as well. We have no
experience working at 1 MeV, and could only speculate about
how our samples might appear at higher voltages. Another
interesting point is the effect of carbon-coating on the
appearance of cytoskeletal filaments. In TEM and STEM the
carbon coat is imaged as a shadow around the edges of a
structure, whereas in SEM the surface of the carbon coat itself
is visualized as the surface of the structure. Therefore, coating
with carbon is counterproductive to achieving high resolution
images in SEM (in the SEI mode).

Reviewer III: Please discuss the theory behind the
discrepancy between the size of images seen with STEM
(STEI) and those same images seen with SEM (SEI).
R.M. Albrecht: We find similar results in that non-metal
coated filaments and tubules from extracted cytoskeletons,
when viewed by the 1 MeV transmission electron microscope
(HVEM), appear as thin uniform filaments. The same
filaments, still uncoated, viewed by 1 kV low voltage SEM
appear more or less wider with varying widths along the
length of the filaments. This is presumably because of
unstained or weakly stained cytoskeletal associated material
seen by SEM and not by HVEM. However, anti-acti n and
anti-tubulin antibodies readily stain the actin or tubulin despite
the comparatively thick coating. Is it likely that the cytoskeletal associated material remaining is, even in the extracted
cells, very diffuse in the aqueous state and condenses around
filaments on drying?
Authors:Our current view is that filaments appear wider in
SEM than in STEM because of the edge effects associated
with the production of secondary electrons from the specimen.
(For an excellent discussion of the theory of image formation
in SEM, including edge effects, see: Joy, DC. (1983) Beam
interactions, contrast and resolution in the SEM. J. Microsc.
136: 241-258.) Specifically, as the primary electron beam
scans across the edge of a structure, the secondary electrons
produced near the edge can escape both from the surface
toward the beam and from the edge . Therefore , the structure
appears wider than it really is. In contrast, the STEM image,
which is the result of diffraction and scattering of the primary
electron beam, lacks such edge effects and is a more accurate
indicator of the actual size of the structure. We do not think
that the extra thickness of the filaments in SEM is the result of
imaging a coating on the filaments that is not visible in STEM
or TEM because the difference in width is constant for all
structures. Structures in SEM are about 2 nm wider than the
same structure in STEM, irrespective of the size of the
structure or the magnification. This explanation does not
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